Several detection systems are available for scratch characterization on rigid disk substrates. One example is the dark field microscope (DFM) based scratch count tool. While the DFM is convenient and easy to use, it has been known that scratch counts and analysis using the DFM are very subjective and have a strong operator dependency. Its manual handling operation imparts relatively poor repeatability and reproducibility (R&R) and cumbersome defect classification (e.g., by size). It is also hard to acquire total particle counts, due to the relatively large number of defects.
Several detection systems are available for scratch characterization on rigid disk substrates. One example is the dark field microscope (DFM) based scratch count tool. While the DFM is convenient and easy to use, it has been known that scratch counts and analysis using the DFM are very subjective and have a strong operator dependency. Its manual handling operation imparts relatively poor repeatability and reproducibility (R&R) and cumbersome defect classification (e.g., by size). It is also hard to acquire total particle counts, due to the relatively large number of defects.
Recent developments in laser-assisted optical surface analyzer (OSA) systems provide more repeatable and reliable surface morphology information. [4] [5] [6] For instance, a series of the Candela instrument is equipped with ellipsometer, reflectometer, scatterometer and optical profiler capabilities. [6] [7] [8] Each operational mode and combination of modes can be used for defect detection with the availability of specific defect data such as the types, numbers and locations. Moreover, versatile defect scan and analysis recipes allow constructive detection tunability and consistency. This helps eliminate the subjectivity of manual detection. The Candela tools are widely used in the hard disk drive industry for defect identification.
This report presents the recent development of a defect detection recipe and scratch count results for rigid disks measured For hard disk manufacturing, characterizing CMP scratches is key to improving the reliability of the device.
KLA-Tencor's Candela

Introduction
In the hard disk drive (HDD) industry, the demand for increased data capacity in the last decade has necessitated several technological implementations. 1 From the head disk interface (HDI) standpoint, the reduction of the distance between a flying read/write head and a disk media has been a main driver to achieve higher data density on the HDD. In order to minimize the gap between a head and a disk, the surface roughness of the disk needs to be low enough, and more important, the number of surface defects, such as scratches and particles, must be small enough to improve mechanical reliability of the HDD operation.
The chemical mechanical planarization (CMP) process is a key step for smoothing rigid disk surfaces. 2 Typically, CMP is accomplished through the combination of chemical reaction and mechanical abrasion of the disk surface in contact with a polymeric pad and a slurry containing sophisticated chemistries and abrasives under an applied load. 3 It has been recognized that the slurry has a significant impact on rigid disk scratch defect performance. Scratches can be created from handling, chemistry unbalance, or the presence of large abrasive particles in the CMP slurry. It is therefore essential to utilize a consistent scratch characterization technique for slurry development.
with a Candela instrument. The scratch data compiled with the Candela are compared to those acquired with a conventional DFM and another type of OSA tool. It is shown that tuning of the recipe parameters is a key to obtaining consistent scratch counts. This option is not available with the DFM technique. Additional advantages of using the Candela tool for scratch defect analysis are also discussed.
Experimental
Candela defect detection system
The Candela CS10 is a 405nm laser assisted multi functional tool. It is equipped with two lasers, called the circumferential and radial lasers, as shown in Figure 1 . The two laser beams form a 90 degree angle and converge at the analysis point of the sample. The instrument offers the ability to scan the disk with either beam or both lasers simultaneously. Signal detection is performed with two detection channels for reflected and scattering beams. For scratch and particle defect identification, the scatter channel, consisting of a photo multiplier tube (PMT) detector, is used. In this mode, the laser, interacting with the sample surface, produces scattering signals that appear as bright areas on the scattering signal images. Three modes of polarization for the incident lasers are available: P, S and Q (combination of P and S). During the measurement, the disk rotates and the laser source and detection system move in a transverse direction, so that the entire area of the disk sample can be scanned.
Dark field microscope (DFM) scratch detection system
The DFM technique uses several light sources to illuminate the disk surface from different angles. A charge-coupled device (CCD) camera is situated above the disk and dark field images of the disk surface are displayed on a monitor. The magnification of the CCD camera system was 10X for this study. The incoming direction of the light makes a shallow angle with respect to the disk surface so that the reflected light is not
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Candela CS10 system apparatus directly collected by the CCD. If defects are present on a disk, the incident light is scattered and scattering signals are detected by the CCD camera. The defects appear as bright images on a dark background in the monitor. The operator rotates the disk to inspect the surface and manually counts the number of defects. An advantage of using the DFM technique is its relatively short processing time and easy setup as compared to the Candela tool.
Sample preparation and experimental setup for Candela and DFM Disk samples were ground and nickel-phosphorous coated 9 prior to the CMP process. The inner and outer diameters and thickness of the disks were 25mm, 95mm and 1.27mm, respectively. The disks were polished with several kinds of CMP slurries, cleaned, and then forwarded to defect inspection. Cleanliness of disks is critical for scratch inspection, since residual chemicals and stains possibly caused by handling can lead to miscounting.
The Candela measurement procedure was performed automatically by placing the disk on the platen of the instrument. The data outputs included the scratch and particle distributions for each bin, together with a map showing the defect location on the disk. The defect data collected can be classified by size into five bins. Nominal settings for the scratch defect bins were as follows: bin 1: 20-100µm; bin 2: 100-500µm; bin 3: 500-1000µm; bin 4: 1000-5000µm and bin 5: >5000µm.
In the DFM technique, the number of scratches was counted with a manual counter. The scratch length analysis was performed by measuring the length of each scratch on the monitor using a scale for classification. For the specific inspection work, scratches were categorized in four groups: short (< 2mm) and shallow, short and deep, long (> 2mm) and shallow, and long and deep. The depth of the scratches was estimated by visual inspection depending on the brightness of the defect on the monitor.
The area analyzed on the disk using the DFM ranged from middle diameter (MD) to outer diameter (OD), whereas it ranged from inner diameter (ID) to outer diameter (OD) for the Candela. Therefore, the scan area was about 1.5 times larger for the Candela than for the DFM.
OSA-2 scratch detection system
Another OSA tool used at a customer's site will be later introduced and compared with the Candela tool. This tool also uses a laser as a probe and employs scattering signals for the scratch detection but does not use the Candela technology. Since the tool was originally developed by the customer and is not commercially available, it is conveniently called OSA-2 in this paper. Very limited information was available due to confidentiality; therefore, establishing the correlation was more challenging. As seen in the following section, the tuning capability of the Candela tool plays an important role in order to acquire better correlation with this tool.
In the case that the texturing is made along the circumferential direction, radial scratches remaining are unfavorable. In this study, both lasers were enabled for comprehensive analysis. Figure 3 shows an atomic force microscopy (AFM) height image of a scratch defect found on a rigid disk surface; (a) and its cross sectional view; (b). The width and depth of scratches are typically ~1µm and several nanometers, respectively. It has been demonstrated that a 0.1µm wide and 1nm deep scratch can be clearly observed by the Candela system.
As also shown in Figure 2 , particle defects can be recognized in both images. The scattering signals were relatively independent of the beam direction, though images of the particles become elongated in the laser direction. This occurs because the laser beam has an incident angle, approximately 60 degrees from normal on the plane of incidence. The elongated features resemble scratches, which makes the distinction between scratches and particles difficult in some cases. One can overcome this difficulty by optimizing the scratch classification parameters, such as the aspect ratio, in the analysis recipe.
The encoder multiplier settings and photo multiplier tube (PMT) voltages were found to significantly affect signal-to-noise (S/N) ratio. The encoder multiplier setting defines the number of circumferential data points at each radial location. For example, an encoder multiplier setting of 64x allows one to take 64 x 1,024 (=65,536) data points at one radial location.
7 Figure 4 presents Candela scattering signal image of one scratch and its cross-sectional view at a fixed radius near the center of the image under three different settings of the encoder multiplier and PMT voltage: (a) 16X and 475V, (b) 16x and 525V and (c) 64x and 475V.
The peak intensities of the scratch and S/N ratio are summarized in Table 1 . The peak intensity, obtained from the cross-sectional analysis, is the amplitude (%) of the peak measured from the average background noise level. Note that the unit is represented as a percentage of PMT output voltage given by the tool. The S/N ratio is defined as the ratio of the peak intensity to the maximum amplitude in the background noise. Case (a) exhibited an S/N ratio of 1.2, indicating that the signal was not well distinguished from the background noise. An increase in the PMT voltage from 475 V to 525 V (Case (b)) significantly enhanced the S/N ratio from 1.2 to 2.1 (1.8 times). Also, an increase in the encoder multiplier showed a 2.4 times better S/N ratio (Case (c)). Increases in both parameters led to saturation of the scattering signal; therefore, the encoder multiplier settings and PMT voltages were taken as 64x and 475V, respectively, in this study.
After the scan, the scattering signal images obtained were processed through the analysis recipe in order to identify defect sites. Optimization of the analysis recipe parameters is also highly critical. A key parameter here is the threshold parameters that define the minimum scattering signal intensity to be recognized as a defect site. To best set the recipe parameters, the following operation was performed. First, scattering signal images were processed with the analysis recipe and the number of scratch counts was recorded. Second, the same scattering
Results and Discussion
Candela recipe creation issues
The scan and analysis recipes need to be optimized prior to measurements. In this section, the effects of some key parameters of the Candela recipes for scratch detection are scrutinized. Figure 2 shows Candela scattering images for the use of (a) the radial and (b) the circumferential laser. The horizontal direction in the figure is parallel to the circumferential direction of the disk sample. As shown, the direction of the incoming laser highly affects the appearance of defects. Circumferential scratches, the angular orientation of which are more aligned with the circumferential direction of a disk, are visible using the radial laser (Figure 2(a) ), but become invisible with the circumferential laser (Figure 2(b) ). This anisotropy occurs because more scattering signals are generated when the angle between the direction of the laser beam and the longitudinal direction of the scratch becomes closer to 90 degrees. The advantage of using two lasers is that it minimizes the effect of scratch orientation. If radial scratches are the main concern, it is possible to intentionally use the circumferential laser only so that the system becomes more sensitive to radial scratches. This is the case for disks that are forwarded to the texturing process after CMP. The texturing process allows the formation of uniform, controlled scratch marks along which magnetic crystal growth can be performed in the magnetic layer deposition process. Data Storage signal images were checked by an operator's visual inspection and recognized scratches were manually counted. Finally, the two scratch counts were compared. We assumed that the scratch counts made by the operator were accurate and precise so that those could be used as a standard to evaluate the Candela scratch counts. Two types of potential errors exist: Type I error occurs when the Candela does not recognize a scratch even though the scratch defect is present; Type II error occurs when the Candela categorizes a scratch that is not a real scratch defect. These categorizations are illustrated in Table 2 . The probability of error is dependent upon the threshold parameters set in the analysis recipe. Higher thresholds lead to reduced type II error but an increase in type I error, and vice versa. The value of optimized threshold parameters for both circumferential and radial laser scattering signals was found to be 0.12%. The associated scratch counts for four disk samples are shown in Table 3 . The type I and II errors occurred at 30% and 2% on average, respectively. A rate of 0% is ideal for both errors; however, it is challenging since the two errors are in the correlation of a trade-off. We selected the condition that produced type II error close to zero and minimized type I error. As found later, the threshold setting is a key in the study of tuning capability.
The scratch identification system developed and described above can be also applied to other types of samples such as integrated circuit (IC) silicon wafers, though some adjustments in parameters are required. Correlation between Candela and DFM Figure 5 shows disk surface images at the same location viewed using (a) the Candela and (b) the DFM. The Candela image was obtained using the P-polarized radial laser, directed from the top in the figure. The differences found in the two images can be explained as discussed in the previous section considering the experimental setup of the Candela tool. A radial scratch slightly seen at the center bottom of the DFM image is not recognized in the Candela image. On the other hand, several circumferential scratches, which have a horizontally transverse direction, are more visible in the Candela image. Particles are elongated parallel to the beam direction in the Candela image. Stains at the left bottom corner are highlighted in both images.
Representative differences between the tools are summarized in Table 4 . The spatial detection limit is much smaller for the Candela than for the DFM. In the case of the Candela, the detection limit is regulated by the laser spot size (4µm), while for DFM, the limit is dependent on the resolution of the CCD camera and the ability of the operator's eye. The study variation of the Gauge R&R is defined as the contribution of R&R to the total variation including repeatability, reproducibility and part-to-part variations. In general, a value larger than 9% indicates that the system needs improvement. The Candela performed at a 7% study variation for ten samples. This leads to acceptable R&R performance. On the other hand, the DFM showed a 25% study variation, which was less satisfactory since the DFM required more manual operation.
A comparative study on scratch counts between the DFM and Candela was conducted. Figure 6 shows the correlation between the DFM long scratch count (> 2mm) and the Candela long scratch count (> 1mm). The variations in scratch count originated from the use of different kinds of slurries with various scratch performance. The value of the linear regression correlation coefficient, R 2 , was 71%. This indicates that the correlation between the DFM and Candela scratch counts was marginal. Generally, an R 2 of at least 75% is required for satisfactory correlation. 10 In addition, the correlation was not matched since the regression line was not identical with the line y = x at a 95% confidence level. This is probably due to the differences in the detection systems of the two instruments, including the poor Gauge R&R of the DFM system. The correlation was examined for scratch counts under various size categories, as summarized in Table 5 . The largest R 2 was 71%, found in the case described above.
The slope of the regression line in Figure 6 is 0.56, which is less than unity. This suggests that, under the analysis criteria, the Candela failed to spot scratches that the DFM could detect. Considering the difference in the scan area (the scan area of the Candela was about 1.5 times larger than that of the DFM) and the size of scratches categorized (> 1mm for the Candela and > 2mm for the DFM), the overall number of scratches the Candela failed to spot may have been even larger. The most likely reason for this discrepancy is that the Candela instrument is not sensitive to shallow scratches due to the relatively low scattering signal from these defects and the threshold setting issue of the tool as discussed previously. The data shown in Table 5 support this hypothesis. The slope of the regression line was 1.5, up from 0.56, when deep scratches are only counted for the DFM detection from the previous comparison.
As discussed above, the experimental evidence showed that the Candela scattering signal under the current parameter setting might be insensitive to shallow scratches. This is not necessarily a drawback for the tool. Its ability to provide meaningful information in terms of scratch geometries such as length, depth and width is more important than a simple count of defects. An advantage of the Candela is its flexible tuning capability for defect recognition as a function of the targeted scratch geometry, as illustrated in the following section.
Candela tuning capability and its use in CMP slurry screening A set of disk samples was polished using a series of slurries expected to exhibit different scratch performance. These disks were inspected with the OSA-2 laser-assisted optical surface analyzer and classified into two groups: "Scratch passed (Good)" or "Scratch rejected." The same disks were then analyzed by the Candela and the DFM. The data shown in Figure 7 (a) and (b) are the total scratch counts for the Candela and the DFM, respectively. In each graph, the classification by the OSA-2 tool is incorporated. A threshold setting for the Candela is a key in this section and the value of 0.12% was taken for the measurement in Figure 7 (a). In the slurry identification, the combination of a letter and a number is used, where the letter refers to a category given by the OSA-2 with either "G" as "Good" or "R" as "Rejected" and the number refers to the slurry used. Slurry 1 was a standard rigid disk slurry. Slurries 2, 3 and 4 contained a scratchreduction additive with the concentration of 100, 1,000 and 4,000 (unit: relative concentration), respectively. The Candela total scratch count clearly exhibits the effect of the scratch-control additive. This trend is less pronounced with the DFM technique. The OSA-2 tool, however, failed to observe the effect of the additive. This occurred possibly due to the different classification methods taken by the OSA-2. Our next task was to find how to obtain consistent results with the OSA-2 using the Candela.
An attempt was made to have a better correlation by comparing scratch counts with selected scratch length, as was performed to obtain a correlation between the Candela and DFM (see Table 5 ); however, the result was not satisfactory. It was later suggested that the OSA-2 classified the defects with scratch width and depth together with scratch length. From this information, we came to the conclusion that the scattering intensity should have been additionally focused on. The scattering signal originating from the interaction between scratch Table 6 : An example of categorization for Candela scratch counts using scattering intensity ranges and length bins, used for the data plot in Fig. 8 (a). correlation. For the DFM data, an attempt was made to obtain a better correlation with the OSA-2 by selecting deep and long scratches, since the result suggested that scratches with larger scattering intensities could be better highlighted in the OSA-2 detection. As shown in Figure 8 (b), such a correlation as found for the Candela was not obvious for the DFM scratch counts.
The data analysis showed that a better correlation was obtained between the Candela and the OSA-2 with a relatively higher Candela threshold setting. As shown in Table 6 , the majority of scratches exhibited the scattering intensity below 0.2% for the G1 sample. The use of the scratch-control additive was effective in reducing the number of scratches in this category, but less significant in eliminating those with a larger scattering intensity that could be primarily focused on in the OSA-2 detection. This recognition is critical for development of a new CMP slurry product. To satisfactorily meet the requirement from customers in terms of scratch reduction, the scratch definition criteria are very important, i.e., to know which scratch geometries (depth, length, width and direction) should be focused on. The root cause of the various types of scratches may be different. The short/shallow scratches may be due to agglomeration of abrasive particles or by-product contamination defects and a laser beam possibly contains the information of width and depth of scratches in its intensity. The standard Candela classification technique does not allow this capability. Possible scratch defect sites that show higher scattering signal than a threshold value are all considered to be defects. In order to classify the scratch defects with scattering intensity, scattering signal data were re-analyzed with different threshold values, and then scratch counts obtained were manually classified depending on the scattering intensity ranges.
An example of such a categorization for the G1 sample in Figure 7 (a) is shown in Table 6 . The scratches are classified depending on their length and scattering intensity. The number of significant scratches was identified from this table. Scratch defects that showed higher intensity than 0.4% were categorized as the most significant defect, no matter how long they were and then would be all counted as scratches.
Those that showed 0.3 to 0.4% in intensity range were the second most significant and classified as scratches if they were longer than 500µm in length. Likewise, scratches with 0.2 to 0.3% intensity range were recognized to be the third most significant and classified as scratches if they were longer than 5000µm in length. The sum of the scratch count mentioned above was obtained to be a newly categorized scratch count. Figure 8 (a) exhibits the scratch counts under the new definition for the same disk samples in Figure 7 (a). It becomes clearer to discern the two categories given by the OSA-2, named "Good" and "Rejected." When the number of scratches is below approximately 40 on the Candela measurement, the OSA-2 rates the disks as "Good" while above this value, the disks are evaluated as "Scratch rejected." This result suggests that scattering intensity can be another key parameter to be considered for obtaining better correlation with other defect metrology tools. Though the correlation may not be satisfactory enough for some data (e.g., scratch counts of G1 and R3 are close in Figure 8 The Candela system provided meaningful information for scratch geometries such as length, depth and width, as well as a flexible tuning capability for defect recognition as a function of the targeted scratch geometry.
generated from disk materials. The long/deep scratches may be caused by large particles that were not filtered out and entered the slurry as a contaminant. Depending on the mechanistic reasons, our approach for CMP slurry development should be different. With the use of the recipe-oriented Candela tool that can flexibly and efficiently provide necessary scratch information, slurry development work will be significantly enhanced. Throughout this study, we have learned that extracting and selecting required information from metrology tools is a key step in slurry product development.
This tuning capability is not currently available for the Candela system as a standard procedure. The addition of this capability to the system may require complicated design changes for the Candela scratch analysis process, but will provide more flexibility for the tool.
